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Plasmonic materials (PMs), featuring large static or dynamic tunability, have significant impact on the 
optical properties due to their potential for applications in transformation optics, telecommunications, 
energy, and biomedical areas. Among PMs, the carrier concentration and mobility are two tunable 
parameters, which control the plasma frequency of a metal. Here, we report on large static and dynamic 
tunability in wavelengths up to 640 nm in Al-doped ZnO based transparent conducting degenerate 
semiconductors by controlling both thickness and applied voltages. This extreme tunability is ascribed to an 
increase in carrier concentration with increasing thickness as well as voltage-induced thermal effects that 
eventually diminish the carrier concentration and mobility due to complex chemical transformations in the 
multilayer growth process. These observations could pave the way for optical manipulation of this class of 
materials for potential transformative applications. 



The resonant frequency of plasmonic materials (PMs) can be tuned over a range^ by controlling the dielectric 
medium. This can produce new functional devices in which the optical response of can be engineered by 
manipulating designs and composition of currently studied metamaterials, where their unique optical 
properties are not seen in individual components'"^. The tuning of the resonant frequency in many PMs is 
achieved by carrier injection in semiconductors'^, mechanical reorientation in microelectromechanical systems^, 
varying the dielectric environment^, and many other emerging phenomena. The recent report^ on a tunability of 
compliant metamaterials using high-strain mechanical deformation between the resonant elements in coupled 
resonators has drawn tremendous interest and shown a pathway for imminent applications. However, although 
the expensive manufacturing of complex large-volume and low-loss tunable PMs is still a formidable challenge in 
itself, and may easily expand in new inexpensive directions to find applications if their tunability is either 
controlled by applying an electric field or varying the thickness of the materials. The onset of interband transition 
is 3.9 eV for Ag and 2.3 eV for Au, which is in the ultraviolet or green light, far way from the near infrared (NIR) 
which is the interest of materials being developed in this work. 

The Fermi level (Ef), for some of the transparent conducting oxides (TCOs) known as degenerate semi- 
conductors, is found within the conduction band (CB) or above the conduction band (£c)> as is found in a metal. 
For example, such is the case when the wide bandgap semiconductor ZnO is doped with either Ga or Al. These 
doped semiconductors demonstrate properties that are more metal than semiconductor-like with the resistivity, 
(p) being proportional to the temperature, (T). Doped (Ga or Al) ZnO based TCOs have shown the above 
electrical dependence and generic n-type behavior with high carrier concentrations^""^'. This class of semi- 
conductor materials demonstrates remarkable properties of low-loss PMs^^"^^ because semiconductors do not 
have bound-state absorption transitions in their band-gaps, and their surface plasmon polariton losses can be 
even smaller, in the NIR region than those with conventional plasmonic materials at corresponding visible 
wavelengths^^. However, no significant tuning of the resonant frequency in this class of PMs^^'^^"'^ has been 
achieved by varying different conditions, such as growth, doping concentration, etc. We demonstrate that the 
crossover wavelength {1^) can be widely tuned by varying the thickness of the layers, as well as by dynamically 
controlling the electric field on the surface of the films in this degenerate semiconductor. 
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Results 

The Al- doped ZnO (AZO) thin films with varying thickness and 
multilayers comprising of different Al : Zn composition ratios were 
grown via alternate deposition of diethyl zinc (DEZ, Zn(C2H5)2), 
H2O and trimethylaluminum (TMA, Al(CH3)3) through atomic 
layer deposition (ALD) cycles^^ (see supplementary information). 
ALD is used to attain conformal and pinhole-free films with a high 
degree of thickness control. The sequential exposure of reactants 
used in ALD adjusts the composition of multicomponent materials 
by changing the number of cycles used for each precursor materials 
(See schematics in Supplementary Fig. la). Variable angle spectro- 
scopic ellipsometry (VASE) (see supplementary information) was 
used to measure the froni positive to negative permittivity using 
the Drude-Lorentz model. Fig. la demonstrates the crossover of the 
real permittivity from positive to negative as the thickness of AZO 
films is varied from 69 to 577 nm. The corresponding imaginary 
permittivity (loss) is illustrated in Fig. lb. The thickness dependence 
of is found to fall exponentially as the thickness of the films 
increases (Fig. Ic). While tunability of a PM is very desirable for 
device applications, tuning by manipulating the thickness could 
prove to be of particular importance for the fabrication of real 
devices. We found that the is significantly tunable with a range 
of 640 nm in the NIR region by simply changing the thickness of 
AZO films. While this large range of tunability is observed in the NIR 
range, the loss is significantly diminished as the thickness increases 



(Fig. lb) due to higher conductivity in the thicker films. Moreover, 
the dispersion in the imaginary part of the permittivity is signifi- 
cantly less over the measured range. 

If we consider the plasma frequency of the film (cOp), which is 
defined by equation (1): 



and is related to the real part of the permittivity by the following 
equation (2): 

£(ft;) +i£(ft)) =&{(jS)=&int 7 — (2) 

ft;(ft} + il j 

where is the carrier concentration, mo is the effective mass, ^lYit IS 
the permittivity due to interband transitions, and eg and are the 
free-space permittivity and electron charge, respectively. In eq. (2) F 
is the total damping rate. The plasma frequency is directly propor- 
tional to the carrier concentration. It is also noted that the real 
permittivity should be negative for plasmonic materials. Fig. Ic 
shows the AZO film thickness and the corresponding calculated 
carrier concentration for the corresponding X^, while Fig. Id shows 
the experimental carrier concentration, and sheet carrier density, 
with increasing thickness of the AZO films. The sheet carrier density 
was calculated from the Hall voltage. The trend of X^ dependence on 
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Figure 1 | Room temperature permittivity and carrier concentrations. Wavelength dependence of the (a) real and (b) imaginary permittivity of Al : ZnO 
(1 : 20 ratio) films containing low (69 nm) to higher (577 nm) thickness, (c) Thickness dependence of crossover wavelength, X^, and calculated carrier 
concentration using the Drude-Lorentz model, (d) Dependence of measured carrier concentration (nj and sheet carrier density {n^ of AZO films. 
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thickness can be related to the enhanced carrier concentration and 
sheet carrier density of the films, which validates the plasma fre- 
quency relation with carrier concentration in Eq. (1). Although the 
carrier concentration in Fig. Ic and d is slightly different, the dis- 
crepancy is due to the two separate techniques, such as carrier con- 
centration calculated numerically using eq. (1) and for Fig- Ic and 
experimentally using Hall configuration for Fig. Id. There is a large 
change in the resistivity going from as high as 1.19 X 10"^ Q-cm for 
the 69 nm film down to as low as 7.9 X 10~^ Q-cm for the 577 nm 
thick film. The metal-like behavior is noted for films with higher 
thickness (see supplementary information), which is basically due 
to Al donor electrons filling up the lower levels in the conduction 
band as seen in degenerate semiconductors. The columbic interac- 
tions between the positively charged metal ions are minimized in the 
ALD process^^"^^ by keeping the Al dopants as far apart as possible, 
which makes this process unique for controlling the carrier concen- 
tration. As we increase the number of macrocycles, the projected 
surface area is expected to increase^^. This provides an enormous 
opportunity for passively tuning the PM devices during the ALD 
fabrication process by spatially varying the thickness, and hence 
the carrier density. 

Figure 2a and b show the wavelength dependence of the real and 
imaginary permittivity with applied voltage, respectively, for the 
gradient sample, Gl, in which the electron concentration is varied 



from bottom to top (Fig. 2c inset (See Supplementary Fig. lb and c). 
The wavelength dependence of the real and imaginary permittivity 
with applied voltages are also shown for two sample thicknesses, 100 
and 150 nm with Al : Zn = 1 : 20. The electric field controlled permit- 
tivity is an excellent method to dynamically control the plasmonic 
properties of AZO films. The of ^ specially designed multilayer 
AZO thin film (Gl gradient sample) in which the Al-content was 
varied along the thickness of the film (See Supplementary Fig. lb and 
c) can be tuned up to 450 nm by simply applying a voltage on the 
sample as shown in Fig. 2c, thus demonstrating an electric field 
controllable plasmonic metamaterial for potential device applica- 
tions with reasonably low loss at higher appUed voltages (Fig. 2b). 
However, a contrasting effect is that does not show reversible 
behavior beyond the applied voltage of 12 V. Since these measure- 
ments combine both incident light and applied electric field, this 
observed effect may be related due to electro-absorption in a mater- 
ial, a phenomenon called the Franz-Keldysh effect^^'^^, that occurs in 
low- dimensional systems, such as quantum wells, quantum wires, 
and quantum dots due to quantum confinement effects^^'^°. In order 
to verify the Franz-Keldysh effect (see supplementary information) 
in these AZO samples, electro-absorption experiments were per- 
formed on the 577 nm thick films with applied voltages up to 
12 V over the 300 to 2000 nm wavelength range for the incident 
light. No significant difference in electro -absorption characteristics 




I 1900- 
m 
o 



1800- 



' I I 1 t I I I I I I 1 
1600 



I ' " ' 'I 

1800 2000 

Wavelength (nm) 




T 1 1 1 1 1 1 r- 

0 2 4 6 8 10 12 14 

Applied Voltage (V) 



3-' 



> 



(D 
CL 

"(0 



2- 



1 - 



0 — 





AZO= AI:ZnO:1:20 




^^200C (as grown) 




-■-300C 




-#-400C 




^600C 





2200 



I [ I 1 I 1 I I I I I I 1 1 — I I 1 I 1 — I 1 [ I 
1600 1800 2000 2200 

Wavelength (nm) 



Figure 2 | Room temperature permittivity and carrier concentrations. Wavelength dependence of the (a) real and (b) imaginary permittivity of Al : ZnO 
(1 : 20 ratio) films (100 and 150 nm) and gradient film, Gl (280 nm) at various applied voltages. Results are also shown for no applied voltage after the 
15 V measurements, which exhibit irreversibility, (c) Applied voltage dependence of crossover wavelength, for the multilayer Gl film, where the 
Al : ZnO ratio varies from 1 : 10 to 1 : 40 (Supplementary Fig. 1). (d) Wavelength dependence ofthe real permittivity of 150 nm thick Al : ZnO (1 : 20 ratio) 
films annealed at various temperatures after growing at 200°C. 
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was observed (Fig. 5 and supplementary information) in our experi- 
ments, which impUes that the Franz-Keldysh effect has no significant 
influence on our AZO films. 

In order to explore the reasons for this dynamic voltage induced 
tuning, some of the samples were annealed at various temperatures. 
The changed from 1878 to 1963 nm for the 150 nm thick as- 
grown films annealed at 300°C (Fig. 2d). However, for annealing 
temperature greater than 400°C, no trend of the real permittivity 
crossover was seen as is clearly shown in Fig. 2d, providing evidence 
that the number of free charge carriers has diminished^ ^ according to 
Eq. (1) for films annealed at temperatures higher than 300°C. The 
above consequence provides a clear sign that the films are under- 
going morphological changes, which impact the carrier concentra- 
tion in the films. 

In order to further investigate the reasons for dynamic electrical 
tunability, we performed a series of time -dependent electro -thermal 
experiments. While a specific voltage was applied onto the sample 
surface using deposited metal electrode pads, the temperature and 
current developed between the contacts were monitored over time as 
shown in Fig. 3 from 10 to 20 V for AZO films with thickness of 
577 nm. Interestingly, a temperature rise to 325°C can be reached as 
the voltage increases to 20 V, similarly to 140 and 300°C for 10 and 
15 V, respectively. The current follows a similar trend as the tem- 
perature, except that it falls off sharply as the voltage supply is ceased. 
Additionally, the temperature rise time is much faster for higher 
voltages than for lower ones. The ellipsometry measurements were 
performed by applying voltage on the samples for a duration of 8 to 
10 h. This causes a Joule heating effect, which we have evidenced 
from precise thermal conductivity and electrical property measure- 
ments of the AZO films. The Joule heating effect is supported by the 
observed metallic behavior in temperature dependent electrical 
transport of these films (See Supplementary Fig. 2b and c). 
Thermal conductivity of AZO films was measured by the time- 
domain thermoreflectance (TDTR) technique^^ (Supplementary 
Fig. 3), and the thermal conductivity was found with moderate value 
for the AZO films. For example, the room-temperature thermal con- 
ductivity for an AZO sample with thicknesses of 290 nm is 4.264 ± 
0.1 1 W/m/K, and for the gradient sample (287 nm thick) it is 5.65 ± 
0.38 W/m/K. TDTR measurements were performed at higher tem- 
peratures. The thermal conductivites are relatively constant from 
room temperature to 373K (supplementary information under ther- 
mal conductivity). This is explained in the frame- work of better 
metallic behavior observed in these samples (Supplementary Fig. 
2), especially in thicker films. We also noticed higher heat generation 
due to Joule heating in thicker films (inset of Fig. 3). The moderate 
thermal conductivity in AZO films facilitates heat transport along 
the film, which causes the temperature to rise above 300°C at higher 
applied voltages. Prolonged applications at higher voltages raise the 
temperature to a level where the films get annealed, thus diminish the 
carriers. 

The temperature distribution was recorded with an infrared cam- 
era over a 1 cm^ area of the AZO film. The gradual rise of the tem- 
perature is imaged and their corresponding temperature profiles are 
shown in Fig. 4 A, and B, respectively. These observations confirm 
that varies with the applied voltages, which produce thermal 
effects over the entire films, especially between the contact pads. It 
is noted that all the areas on the glass substrate except the square 
region (1 cm^) containing AZO film shown in Fig. 4 A is etched out. 
Hence the heat dissipates from the film to the substrate underneath 
and the surrounding area. These results indicate that the voltage 
induced thermal effect is associated with the unique layer-by-layer 
structure of the films. 

Recent cross-sectional microscopic studies revealed that ALD- 
grown AZO films are formed by a unique layer-by-layer structure, 
which is better explained as a nanolaminate structure, of a ZnO 
matrix and AI2O3 dopant layers^^'^^, where free electrons are pro- 
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Figure 3 | Thermal effects due to applied voltages. The heat is generated 
due to applied voltages, and both on and off conditions are shown. The 
current (dotted lines) sharply rises with the applied voltages when switched 
on and suddenly falls off to zero when switched off. The samples cool down 
exponentially after the voltage is turned off. The inset shows the rise and fall 
of temperature with time for various film thicknesses for both on and off 
voltage cases. 

vided to the ZnO matrix by the AI2O3 dopant layers. Due to the 
increased temperature, at the higher applied voltages, the local AI2O3 
dopant layers form AlOx islands that cause interface scattering. This 
scattering reduces the mobility at the grain boundaries and decreases 
the carrier concentration, which is similar to the effects of annealing 
seen in ALD-grown AZO films^\ Consequently, the decrease in 
carrier concentration shifts to ^ higher wavelength region, and 
finally the dielectric permittivity becomes positive due to a loss of 
carriers responsible for metallic behavior. The reversible tunability 
up to 12 V of applied voltage corroborates the fact that the thermo- 
morphological transformation is limited as shown in Fig. 2d for 
thermally annealed ALD-grown AZO films. However, above 12 V 
significant chemical and morphological transformation occurs due 
to nanolaminate structures forming AlOx-based electron trapping 
centers as well as severe interface scattering. Due to the wide tun- 
ability of there is enough scope for these ALD-grown AZO films 
for telecommunication applications in the NIR region by fabricating 
suitable waveguides. The present experimental results clearly dem- 
onstrate the passive and dynamic fine tunability of AZO films due to 
the interplay of carriers and electro -thermal properties forming a 
transparent heater. The Joule heating (P=PR, where I is current, 
and R is resistance) due to applied voltage gets saturated after a 
few seconds and dissipates after switching off the voltage. As the 
applied voltage is proportional to the current that develops, a larger 
heating effect is observed at higher applied voltages. At the same 
time, thicker films produce a much larger heating effect compared to 
thinner films due to higher carriers. This is due to generation of 
larger currents in thicker films as the progressive increase of current 
is seen with the increase of voltages as well as the thickness of the 
films. Further analysis should provide more insight into the details of 
the mechanism behind these novel findings. 

Methods 

Fabrication of Al doped ZnO. The Al-doped ZnO (AZO) samples were prepared 
using a Cambridge Nanotech Savannah 100 atomic layer deposition (ALD) system. 
The base pressure of the ALD system was 5.2 X 10"^ Torr and increased to 1.7 X 
10"^ Torr with ultra-high purity N2 inert carrier gas flowing through at 20 SCCM. 
The AZO film is grown by alternating between 15 ms pulses of diethylzinc (DEZ, 
Zn(C2H5)2) and H2O, and with periodic 15 ms pulses of Trimethylaluminum 
((TMA), Al(CH3)3) as the aluminum dopant. Ultra- high purity continuously flowing 
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Figure 4 | Thermal imaging of the film during application of voltages. (A) The thermal imaging of the heat generated due to applied voltages using 
an infrared camera (320 X 240 pixel resolution) over a 1 cm^ area of the AZO film. (B) The temperature profile across the top left to bottom right diagonal 
of the rectangular sample at different applied voltages up to 9 V. 



N2 purges the chamber in between precursor pulses. The purge time was 5 seconds. 
The substrate temperature was set to a desired substrate temperature. In our study, we 
varied the thickness of the AZO films by increasing the number of Zn : Al=20 : 1 
macrocycles. The structural and sequence arrangements are schematically illustrated 
(See schematics in Supplementary Fig. lA). 

The gradient film, Gl, was grown by systematically varying the macrolayers (ML) 
from 60 to 15 ML as we fix Al= 1 and vary the ratio for Zn= 10, 20, 30 and 40, as 
schematically shown in Supplementary Fig. IB. The number of total macrocycles was 
2400 giving a thickness of approximately 280 nm. (See schematics in Supplementary 
Information Fig. lB).The TOF-SIMS measurements confirm that the gradient sample 
contains less Al as the ratio changes from A : Zn = 1 : 10 to 1 : 40 (See Supplementary 
Information Fig. IC). 

Electro-absorption. The phenomenon of electric field induced change in absorption 
(electro-absorption), named the Franz-Keldysh effect^^'^*^, may be able to be 
experimentally seen in these AZO samples. If one considers the situation that an 
optical beam with frequency (co) and a DC field are applied to the AZO sample, the 
total electric field is given by 
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Figure 5 | Optical absorption as a function of wavelength at various 
applied voltages for the 577 nm thick AZO (Al : Zn= 1 : 20) film. 



E = Eq-\-Ei cos(a»t) 

where Eq and Ej are the amplitudes of the DC and optical fields, respectively. 
The polarization of the medium is given by 



P = EoX^'^E^ SoX^^^EE + eoX^'^EEE 



(3) 



(4) 



Substituting equation (3) into (4), we may obtain the polarization that determines the 
optical properties of the medium at frequency co 



Pi = £0 [t'^ H + 1^^ ( - oj; 0,co)Eo + f'^ ( - «; 0,0,co)El 
El cos{cQt) + • • • 



(5) 



Here only DC field related terms are given and the terms involving only the optical 
field are neglected since the light intensity was weak in our measurements. 
Thus the effective permittivity of the medium is 



with 



EL{oj) = l-\-x^^'{oj)=Br{oj)-\-iSi{aj) 



(6) 



(7) 



The Drude-Sellmeier model was used to describe the linear permittivity sXco) and 
£i{co) to obtain the Drude free-electron parameters of the thin film. 

According to Drude theory, the imaginary part of the permittivity of the medium 
may be written as 



Ei{aj)-- 



Ycol 



while the real part is given by 

£,(a»)=£oc 



(8) 



(9) 



Here, cop and F are the free- electron plasma frequency and damping frequency, 
respectively. The first and third terms together provide a Sellmeier dispersion to 
describe the contribution from an off resonant interband transition. The background 
permittivity is represented by Soo. The second term in equation (5), — a»;0,a»)£o> is 
the so-called Pockels effect. The effective nonlinear susceptibility ;)(^^^( — co;0,co) 
describes the Pockels effect. The third term, %*^^'*( — 0,0, cd)^^, which depends on 
the square of the applied DC electric field, is the quadratic electro-optic effect (DC 
Kerr effect). The nonlinear susceptibility x^"'' includes both real and imaginary parts. 
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The real part leads to the above-mentioned electro-optic effects while the imaginary 
part contributes to changes in absorption of the medium. According to equation (6), 
the permittivity of the metamaterial can easily be controlled by the applied electric 
field. We found no significant electro-absorption change in 577 nm thick AZO thin 
films by simply changing the applied voltage on the sample as shown in Fig. 5. The 
slight decrease in the absorption is due to the thermal effects during the application of 
voltages. 
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